Abstract An RNAi-based functional screening of mitotic kinases in Drosophila recently identified a number of members of the kinome that are required for normal cell division. Depletion of these kinases resulted in a number of different mitotic abnormalities including spindle malformation, chromosome mis-segregation, centrosome amplification and failure of cytokinesis (Bettencourt-Dias et al. in Nature 432:980-987, 2004). Since mitotic defects are commonly observed in cancer cells, these kinases may contribute to tumor development and/or progression. To investigate whether common genetic variation in the mitotic kinases are associated with breast cancer risk, we genotyped 386 single nucleotide polymorphisms (SNPs) from 44 mitotic kinase genes, in 798 breast cancer cases and 843 unaffected controls from a clinic-based study. A total of 22 SNPs from 13 kinase genes displayed significant associations with breast cancer risk (P trend B 0.05), including two SNPs from FYN (rs6914091 and rs1465061) that remained of interest after accounting for multiple testing (q = 0.06). These associations were stronger when evaluating cases with estrogen and progesterone receptor positive tumors. In addition, haplotype-based tests identified significant associations with risk for common haplotypes of the MAST2 (P = 0.04) and MAP2K4 (P = 0.006) genes. Although requiring replication, these findings suggest that genetic polymorphisms in mitotic kinases that have been implicated in chromosome instability and aneuploidy may contribute to the development of breast cancer.
Introduction
Mitotic kinases exert pleiotropic effects to control and regulate all phases of mitosis including entry, progression and exit. They phosphorylate a plethora of structural and regulatory proteins involved in centrosome duplication and separation, chromosome condensation, spindle assembly and fidelity, chromosome segregation and cytokinesis, to ensure successful divisions of the mammalian cells. The activity of these kinases is modulated by transcriptional regulation, post-translational modification and proteosomal degradation. Over-expression of a number of these kinases, such as members of the Aurora, PLK and NEK families, are known to induce centrosome amplification, chromosome mis-segregation and failure of cytokinesis [1, 2] . These mitotic abnormalities in turn lead to chromosomal instability (CIN), aneuploidy and polyploidy that are commonly observed in human solid tumors and hematologic malignancies.
Chromosomal instability (CIN) and aneuploidy are common features of invasive breast tumors and early stages of breast oncogenesis, including ductal carcinoma in situ (DCIS), [3, 4] . The AURKA, PLK1, NEK2 and NEK8 oncogenic kinases are frequently over-expressed, both at mRNA and protein levels, in a large number of primary DCIS and invasive breast carcinomas, and are known to promote aberrant cell divisions leading to CIN, aneuploidy and polyploidy [5] [6] [7] . Inhibition of both AURKA and PLK1 kinases has been shown to reverse the oncogenic process [8, 9] . In addition, the TTK, MASTL, BUB1, BUB1B, CDC7, CDC2, AURKB, and PLK4 kinases have been identified as components of a prognostic signature in luminal A hormone receptor positive breast tumors [10] .
Common genetic variation in mitotic kinase genes has been associated with breast cancer risk. A meta-analysis of rs2273535 (F31I) in the AURKA gene in 15 case-control studies of multiple types of cancers showed a modest increase in cancer risk associated with this common genetic variation [11] . Similarly, individual SNPs and haplotypes in BUB1B and TTK have been linked to a modest increase in risk in a sporadic breast cancer population in Taiwan [12] . In addition, a genome-wide association study revealed a significant association between a SNP in the MAP3K1 gene and moderately increased breast cancer risk in the general population [13] . In this study, we examined the effect of tagging SNPs in 44 mitotic kinase genes on breast cancer risk. These genes were selected based on a previous study showing that the Drosophila orthologs caused substantial mitotic disruption when down-regulated by RNAi [14] . The SNPs were genotyped in a clinic-based breast cancer case-control study of Caucasians from the Midwestern United States, and our results suggested that inherited genetic polymorphisms of novel mitotic kinase genes may be associated with breast cancer risk.
Materials and methods

Mayo Clinic study population
Details concerning the collection of cases and controls used in the Mayo Clinic Breast Cancer Case-Control Study have been described previously [13] [15] [16] . Briefly, this population is a clinic-based series of breast cancer cases and unaffected controls from a 6-state region (Minnesota, Iowa, Wisconsin, North and South Dakota and Illinois) who attended the Mayo Clinic between 2002 and 2005. All cancer patients included were newly diagnosed with invasive breast cancer. Controls with no history of cancer were recruited in parallel from women attending the Department of Internal Medicine at the Mayo Clinic for a prescheduled annual medical examination. Controls were frequency matched to cases by age and state of residence. Eligible women provided informed consent and a sample of blood as a source of DNA and completed a risk factor questionnaire. Participation rates were 69 and 71% for cases and controls, respectively. A total of 1,741 genomic DNA samples (798 cases, 843 controls, 100 blind duplicates) were assayed at Illumina Corporation (San Diego, California) on an Illumina BeadLab using the Illumina GoldenGate genotyping assay.
GENICA replication study population Kinome SNPs that displayed strong associations with breast cancer risk in the Mayo Clinic study were further genotyped in an independent case-control population from an interdisciplinary study group on Gene Environment Interaction and Breast Cancer in Germany (GENICA). The GENICA breast cancer case-control study, including 1021 incident cases and 1015 age-matched, population-based controls from the Greater Bonn Region, Germany, has been described previously [17, 18] . In brief, breast cancer cases were included based on a histopathological diagnosis of primary breast cancer. Cases and controls were eligible if they were of Caucasian ethnicity, currently residing in the study region, and were below 80 years. The GENICA study was approved by the Ethic's Committee of the University of Bonn. All study participants gave written informed consent.
SNP selection
SNPs in the genomic region from 5 kb upstream to 5 kb downstream, of each of the genes with minor allele frequency (MAF) [ 0.05 in the Caucasian population were selected from the HapMap Consortium stage I and II release [19] . TagSNPs representing SNPs with pairwise correlation of r 2 C 0.8 were chosen by LD select [20] analysis of genotype data from Caucasian populations. All synonymous and non-synonymous coding SNPs, 5 0 and 3 0 UTR SNPs, and 5 0 upstream (promoter region) SNPs within 1000 base pairs from the transcriptional start site with MAF [ 0.05 in the Caucasian population were included as candidate functional SNPs.
Statistical analyses
The quality of genotyping data was assessed by Pearson's goodness-of-fit v 2 test of deviation from Hardy-Weinberg equilibrium for all SNPs in control subjects. Unconditional logistic regression analysis was used to estimate odds ratios (OR) and 95% confidence intervals (95% CI) for risk of breast cancer associated with the genotypes of each SNP [21] . Primary tests of association between SNPs and breast cancer risk were performed assuming an ordinal (logadditive) genotypic relationship, using tests for trend within the logistic regression models. Risk factors significantly associated with case-control status were accounted for in these analyses. These covariates included age at enrollment, age at menarche, parity, age at first live birth, oral contraceptive use, menopausal status, HRT use, and body mass index. Exploratory analyses were also conducted in subgroups of women defined by menopausal status or histological subtype of tumors based on ER, PR and HER2 status, as reported in pathology records. In order to determine the degree to which the tests for association were prone to false positive findings, false discovery rate (FDR) q values were calculated [22] .
Risk associations between intra-genic haplotypes and invasive breast cancer were also determined. Haplotype blocks within each gene of interest were defined in control subjects by HaploView based on the method of Gabriel et al. [23] . Pair-wise LD was estimated between SNPs by D 0 and r 2 values. Logistic regression analysis was performed for each haplotype to estimate haplotype frequency and to examine associations between haplotypes within the identified haplotype blocks and breast cancer status using the HaploStats analysis package [24] .
Gene-gene interactions
The SNP by SNP interactions were explored through the assessment of significance of all possible pair-wise combinations of SNPs [25] . Additional unconditional logistic regression analyses were performed to further explore the effect on breast cancer risk of SNP pairs selected through this comprehensive assessment. All statistical tests were two-sided, and all analyses were carried out using the SAS (SAS Institute, Inc., Cary, NC) and S-Plus (Insightful, Seattle, WA) software systems.
Results
SNPs and genes significantly associated with breast cancer risk
In a recently published study, an RNAi screening of protein kinases in Drosophila identified 80 kinases that caused gross cell cycle defects and mitotic abnormalities when depleted [14] . We selected all known kinases influencing mitosis and also those implicated in S and G2/M phase cell cycle regulation that led to subsequent mitotic defects, for a total of 44 genes. A total of 386 tagging and functional SNPs (four 5 0 upstream, three 3 0 UTR and two nonsynonymous SNPs) with MAF [ 0.05 were selected from the human orthologs of these kinase genes. These SNPs were subsequently genotyped in 798 cases and 843 unaffected controls from a Mayo Clinic breast cancer case-control study. A total of 22 SNPs from 13 kinase genes displayed significant associations with breast cancer risk under the ordinal model (P trend B 0.05) as shown in Table 1 . Of those 22 SNPs, 13 were associated with increased risk and nine with decreased risk. Three SNPs, rs6914091, rs1465061 and rs12910 in FYN, displayed the most significant associations (OR per allele = 1.27 to 1.33, P trend B 0.001) ( Table 1) . These SNPs showed similar associations (OR = 1.31 to 1.41, P trend B 0.004) in postmenopausal women, which account for over 70% of the case-control population (Supplementary Table 2 ). Interestingly, the statistical significance of these associations was substantially increased in subgroups of cases with ER positive tumors (OR = 1.38 to 1.42, P trend B 0.0002) and PR positive tumors (OR = 1.40 to 1.45, P trend B 0.0002) ( Table 2 ). In contrast, the FYN SNPs were not significantly associated with ER negative breast cancer (data not shown). This finding suggested a hormone-dependent association between variation in the FYN gene and increased breast cancer risk. Similarly, the ROCK1 SNP, rs17202375, displaying a significant association with risk (OR = 1.43; P trend = 0.005) was associated with ER positive (OR = 1.52, P trend = 0.004) and PR positive (OR = 1.61, P trend = 0.001) breast cancer and risk of postmenopausal (OR = 1.72, P trend = 0.0009) but not premenopausal disease (Supplementary Table 2 ). Nine other SNPs from seven kinase genes (BRD4, CDC42BPA, CIT, EIF2AK4, KIAA0999, PAK6 and RYK) also displayed associations with increased breast cancer risk, although the effects were only marginally significant (Table 1) . It was also noted that a single SNP from KIAA0999 exhibited an association with increased risk, whereas two others from the same gene showed protective effects (Table 1) . These two SNPs remained significantly associated with decreased breast cancer risk in postmenopausal women (Supplementary Table 2 ). Similarly, two SNPs in both CDC42BPA and PAK6 were significantly associated with opposite effects on breast cancer risk ( Table 1) .
Six of the 22 SNPs that displayed strong associations with breast cancer risk in the Mayo Clinic study were further genotyped in the GENICA study of 1021 cases and 1015 controls of German Caucasian women. These SNPs were selected based on the significance of the associations with risk in the primary analyses. The number of SNPs in the replication study was limited by cost. None were significantly associated with breast cancer risk (Table 3) . Further stratified analyses of associations with risk in histological subgroups within the GENICA study were not performed.
Haplotypes and haplotype blocks significantly associated with breast cancer risk To examine the associations of specific haplotypes with breast cancer risk, haplotype blocks were defined for each gene based on the model reported by Gabriel et al. [23] . In each haplotype block, haplotypes with frequency [2% were subsequently analyzed by multiple logistic regression. A total of nine haplotypes in specific blocks displayed significant associations with breast cancer risk (Table 4  and Supplementary Table 3 ). In particular, the combined ''rare'' haplotypes in haplotype block 1 of MAP2K4 were significantly associated with risk (global P = 0.04), as was the specific haplotype 1211111 (Frequency = 17.8%, Score = 2.76, P = 0.006). Similarly, the specific haplotype 12112122 of MAST2 was associated with a decreased risk of breast cancer (Frequency = 6.6%, Score = -2.08, P = 0.04). None of the individual SNPs in these two genes displayed significant associations (Tables 1 and 3 ), indicating that the associations of these specific combinations of alleles with risk were not due to the effects of individual SNPs. Haplotypes exhibiting significant associations with risk (P B 0.05) were also identified in BRD4 (21112), BUB1B (1122), DBF4 (21122), KIAA0999 (11121), ROCK1 (1122), RYK (1221121), and STK4 (1122111122) ( Table 3) . Each of these specific haplotypes contained single SNPs displaying significant associations with risk, suggesting that these rare alleles account for the haplotype associations (Tables 2 and 4) .
Pair-wise interactions of SNPs significantly associated with breast cancer risk Pair-wise SNPs from 44 kinase genes were subjected to linear logistic regression analysis to identify significant interactions. A total of 19 combinations were found to have Only SNPs in genes listed in Table 1 are shown in Table 2 ER estrogen receptor; PR progesterone receptor; HER2 human epidermal growth factor receptor 2; OR odds ratio; CI confidence interval * Non-significant association in the complete case-control study population Table 4 ). Combinations of rs7928320 in KIAA0999 and SNPs in ROCK1, PAK4 and MAST2 were significantly associated with increased breast cancer risk when minor alleles were present at each locus (OR 2/2 copies = 3.3 to 13.4; P = 0.02 to 0.004; data not shown). Interestingly, none of these SNPs individually displayed significant associations with breast cancer risk.
Discussion
Our study systematically evaluated associations between genetic polymorphisms in 44 genes encoding kinases required for normal cell division and breast cancer risk. The common genetic variation in these genes was represented by tagging and candidate functional SNPs. The strongest associations observed in our study were individual SNPs in the FYN kinase gene, especially in women with ER-positive and PR-positive tumors, which represent the majority of the sporadic breast cancer cases. In addition, we identified two haplotypes in MAP2K4 and MAST2 that were significantly associated with breast cancer risk. Interestingly, the individual SNPs designating these haplotypes showed no significant associations with risk. Furthermore, we identified marginally significant associations with risk for polymorphisms in 12 other genes (BRD4, BUB1B, CDC42BPA, CIT, DBF4, EIF2AK4, KIAA0999, PAK6, PRKACB, ROCK1, RYK and STK4). Logistic regression analysis adjusted for age, geographical region, menopausal status, age at menarche, oral contraceptive use, age first birth, hormone replacement therapy and pack-years cigarette smoking rsID: SNP identification number; OR odds ratio; CI confidence interval * rs7928320 was significant in the general model in Mayo study (P trend = 0.0004) * rs4766950 and rs1697045 were significant in the general model in the premenopausal women BUB1B block 1: rs1801376 rs1047130 rs2305653 rs7182070 DBF4 block 1: rs9655955 rs13238458 rs11764107 rs4728713 rs6977687 KIAA0999 block 1: rs687172 rs11216164 rs681524 rs1473177 rs499910
MAP2K4 block 1: rs8067785 rs7216812 rs12603036 rs17614045 rs2322123 rs9907196 rs10432016. The individual SNPs in this block displayed no significant associations with breast cancer risk (in bold and underlined). *The global P value for this block is also significant at 0.04 MAST2 block 1: rs4660891 rs12732188 rs4660318 rs12141934 rs10789481 rs12759880 rs2275426 rs1707336. The individual SNPs in this block displayed no significant associations with breast cancer risk (in bold and underlined)
ROCK1 block 1: rs7227454 rs288989 rs17202375 rs1481280
RYK block 1: rs13067800 rs9283588 rs10935104 rs6795658 rs9859680 rs1131262 rs4339087 STK4 block 1: rs17322289 rs2284271 rs6017460 rs17420378 rs6073604 rs10485454 rs6073627 rs6073629 rs8000 rs607363
As noted above, SNPs in FYN displayed the most significant associations with increased breast cancer risk in our clinic-based case-control series. FYN is a membrane associated non-receptor tyrosine kinase member of the srcfamily, implicated in diverse biological functions such as neuronal development, T-cell receptor signaling and cellcell adhesion [26, 27] . FYN binds to the p85 subunit of PI3-kinase and other FYN-binding proteins via the Src homology domains (SH) of its cytoplasmic tails and phosphorylates these targets to control cell proliferation and differentiation. FYN has been proposed as a tumor suppressor due to down-regulation in prostate cancers and inactivation in neuroblastoma [28, 29] . Disease-association studies have linked common genetic variation of FYN to alcoholism and Alzheimer's disease [30, 31] . In our study, we showed for the first time that genetic polymorphisms of FYN may also be linked to increased breast cancer risk, especially in women with expression of ER and PR in their breast tumors. This is consistent with the finding that FYN is an upstream regulator of the PI3K/Akt-signaling pathway, a critical cell survival, proliferation and motility pathway in cancer, that is activated predominantly in ER and PR positive breast tumors [32] . The three SNPs in FYN that displayed significant associations with breast cancer risk were located in the 5 0 upstream region of isoforms b and c (NM_153048 and NM_153047), and 5 0 UTR (rs12910), and third intron of isoform a (rs1465061 and rs6914091). Further studies are needed to determine whether these alterations influence promoter activity or mRNA stability of FYN transcripts. Similarly to FYN, ROCK1 is a multifunctional kinase involved in focal adhesion formation, cell motility and apoptosis. ROCK1 binds the Rho small GTPase and regulates the dynamics of actin cytoskeleton and stress fiber formation. In cancer cells, Rho/ ROCK signaling promotes migration and invasion by phosphorylating caveolin-1 at cell protrusions to regulate focal adhesion dynamics that are both ROCK-dependent and src-dependent [33] . In addition, ROCK1 can also bind and phosphorylate PTEN, a well-known tumor suppressor, to activate its function in chemotaxis and potential antitumorigenic activities [34] . Significantly increased expression of ROCK1 has been correlated with higher grade and poor overall survival of patients with breast cancers, possibly due to increased cell motility and invasiveness [35] . In keeping with these observations, we found that ROCK1 rs17202375 was associated with a substantially increased risk of breast cancer in post-menopausal women and women with ER and PR positive tumors.
Experimental data from studies of breast, ovarian, pancreatic and biliary cancers suggest that MAP2K4 is a tumor suppressor gene involved in both tumorigenesis and metastasis [36] [37] [38] [39] [40] . MAP2K4 has been reported to link MEKK1 to stressactivated protein kinase/JNK1 and p38 mitogen-activated protein kinase. This mitogen-activated protein kinase pathway has been implicated in the signal transduction of cytokine-and stress-induced apoptosis in a variety of cell types. None of the SNPs of the MAP2K4 gene were significantly associated with breast cancer risk in any of the genetic models tested above. However, a combination of seven SNPs forming haplotype block 1 was significantly associated with increased breast cancer risk. All seven SNPs are located in the first three introns of the MAP2K4 gene (Fig. 1 ). It will be interesting to examine whether downregulation of the MAP2K4 promoter is correlated with this haplotype.
Similarly to MAP2K4, we identified a specific haplotype of nine SNPs in MAST2 that displayed a significant association with breast cancer risk. MAST2 encodes a microtubule-associated serine/threonine kinase with largely unknown function. However, MAST2 has been shown to bind the C-terminus of PTEN through a unique PDZ domain, target the C-terminus of PTEN for phosphorylation and modulate PTEN activity [41, 42] . Interestingly, the phosphatase activity of PTEN can also be modulated by ROCK1 and it has recently been shown to control FYN function in glioma cells regulating migration. These findings suggest that FYN, ROCK1 and MAST2 may function together in the same signaling pathway to regulate the tumor suppressor function of PTEN [43] . In support of this observation, we identified significant pair-wise interactions between SNPs in FYN and ROCK1 (Supplementary  Table 3 ) and FYN and MAST2 (Supplementary Table 4 ).
The major strength of our association study is the comprehensive assessment of associations between genetic polymorphisms of mitotic kinase genes and breast cancer risk. The systematic approach increased the likelihood of identifying significant associations in these candidate genes that were selected because of their critical functions in breast cancer biology. However, the large number of statistical tests performed raised the possibility of false positive observations. FDR based assessment of multiple testing yielded q values of 0.06 for the most significantly associated FYN SNPs (Table 1) . When accounting for the high LD between a number of the SNPs in the study, this suggests that these FYN SNPs maintain significance even after accounting for multiple testing. This is further emphasized when assessing the significance of the associations between these SNPs and risk of ER positive and/or PR positive breast cancer (P trend = 0.00006). However, six SNPs including rs6914091 from FYN, that were further evaluated in the GENICA case-control series, failed to replicate these significant associations, although it should be noted that these SNPs were not evaluated for associations with risk in menopausal or histological subgroups in GENICA. These findings suggest that additional studies that focus on replication of these results in independent case-control series and histological subgroups of tumors are merited. rs7216812  rs12603036  rs17614045  rs2322123  rs9907196  rs10432016  rs2108496  rs8080333  rs8065164  rs12942507  rs8078439  rs1870584  rs4792219  rs4792220  rs4791489  rs4791490  rs9903561  rs17615079 MAP2K4, Chromosome 17p11. 
